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INTRODUCTION 

Solid lubricated bearings offer potential for use in a wide range of 
applications where reduced maintenance is desired or operating and 
environmental conditions are such that conventional lubricants cannot be 
used satisfactorily. Both of these major considerations are pertinent where 
aerospace applications are concerned. Self lubricating bearings are of a 
Sacrificial nature in that the lubricant is gradually depleted durina 
usage. Their greatest potential is seen to be in those applications which 
have limited operating life requirements. These would include such things 
as small expendable engines, alternators, drones, missiles, remotely 
piloted vehicles etc. However, most of these applications involve high 
operating speeds and/or high temperature conditions. These represent severe 
conditions under which the bearings must perform, and are also conducive to 
excessive bearing heat generation during operation. It is to this problem 
that this investigation was directed. 

The primary intent of this investigation was to determine if grooves 
in the bearing inner race would reduce bearing operating temperatures and 
heat generation by pumping relatively cool air into the bearing between the 
bearing retainer and inner race. A series of tests were conducted over a 
range of speed and load conditions to determine bearing stabilized operating 
temperatures. Bearing torque was monitored continuously. Other variables 
included in this study were bearing internal clearance, cage to land clearance, 
ball hole clearance, and groove depth. Bearing retainers made from silver- 
mercury-Teflon-molybdenum diselenide, and gallium-indium-tungsten diselenide 


composites were used to provide lubrication. Duration tests at a speed of 


40,000 RPM were also attempted with grooved and ungrooved bearings. It 
was hoped at this speed that any beneficial effects of the grooves would be 
more apparent than previous data indicated. The duration test approach was 


taken since virtually no bearing performance information was available above 


30,000 RPM. 


DESCRIPTION OF TEST RIG 

1. General 

The basic test facility, which was designed and built by Southwest 
Research Inst. consisted of an air turbine to drive the test bearing, a 
bearing chamber, an oil system (which obviously was not required for the 
solid lube tests), bearing loading system, bearing heater (which also wasn't 
utilized for these tests), and the necessary instrumentation and controls. 
Photographs of the test facility are shown in Figures] and 2. 
2. Basic Design 

A detailed schematic of the rolling element bearing test rig is shown in 
Figure 3. The test bearing, A, is driven by the main shaft, B, which is 
powered by an air turbine, C. Air to the turbine is supplied by an auxiliary 
compressor via the nozzle ring, D. Externally-pressurized, orifice-compensated 
air bearings, having low friction characteristics at high speeds, are shown 
as E and F, and are employed to support the main shaft during operation. 
The outer race of the test bearing iS supported in the test bearing holder, G, 
which is held in the test chamber, H. Thrust load is applied to the test 
bearing by the axial load piston, I, and radial load by the radial load pad, J. 
The test chamber is externally supported by two hydrostatic air bearings: 
the axial Support pad, K, and the radial load pad, J, which serves a dual 
purpose in that it supports the test chamber in the radial direction on a 
hydrostatic air film and also applies a radial load through the air film to 
the test bearing. A shaft extension, L, extends through the test chamber lid 
and serves as the driver for the rotary transformer, M. The shaft extension, 
L, is hollow and provides a path for the electrical conductors from the 
inner race (test bearing) temperature transducer to the rotary transformer. 


A magnetic pickup, N, monitors the speed of the main shaft, B. 
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Figure 1. Solid Lube Bearing Test Facility Console 


Solid Lube Bearing Test Facility Rig 
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3. Loading and Support System 


The test rig was designed to allow the application of independently 
controlled thrust and radial loads on the test bearing. The thrust load, 
applied by means of the axial load piston, I, and the radial load applied by 
the radial load pad, J, are controlled with hand operated pressure regulators 
mounted in the instrument console. The amount of radial or thrust load is 
determined by the known piston size and the applied pressure which is indi- 
cated on the gauges in the instrument console. 

Filtered air is supplied to the two support air bearings, E and F, through 
an air manifold. These bearings are orifice compensated and were designed 
to operate at 200 to 250 psig on clean dry air. Practical operating 
experience has shown that if the supply air is contaminated with either 
water or 011 the high speed capability of the rig is severely reduced 
due to the deleterious effects of these contaminants on the solid lubricant 
coating which is applied to the journal surfaces of the air bearings. 

4. Bearing Torque Measurement 

Torque due to test bearing friction, which tends to rotate the test 
chamber, H, iS measured with strain gages which are attached to a metal 
leaf spring. The leaf spring deflects when torsional load is applied 
and produces a resistance change in the strain gage bridge, which in turn 
gives an electrical output that is calibrated and employed as a measure of 
bearing torque. Since the radial and axial hydrostatic air pads offer negli- 
gible torsional resistance, the indicated torque is an accurate measure of 
test bearing torque. The torque is indicated directly on a Sanborn Model 
311A transducer amplifier, and recorded simultaneously on a Honeywell] 


recorder. 


9. Inner Race Temperature Measurement 


Test bearing inner race temperature is measured with a sub miniature 
Size surface type temperature transducer which is 0.25 in. x 0.20 in. x 
0.04 in. thick. It is a low mass, platinum sensor with 100 ohms resistance 
at the ice point. The sensor is located in a machined cavity directly 
beneath the test bearing inner race. Centrifugal forces due to rotation 
of the main shaft force the sensor against the bore of the inner race and 
provide an inner race temperature measurement. Output from the transducer 
1s coupled from the rotating shaft to a stationary location by employing 
a rotary transformer. From the transformer the temperature is indicated 
directly on a Himmelstein meter located in the instrument console. 

6. Drive System 

The drive system consists of an air driven turbine, C, located 
approximately at the mid length of the main shaft, B. Air is supplied 
to the turbine by an auxiliary compressor via a nozzle ring, D. To 
obtain maximum speed, which iS approximately 60,000 rpm, approximately 
125 scfm of air at 100 psig is needed. Main shaft speed is monitored 
with an electronic tachometer mounted in the instrument console. Input 
to the tachometer is from a magnetic pickup whose interrupted signal is pro- 
vided by 6 recesses located at the bottom most section of the main shaft. 
7. Test Bearings and Retainers 

The basic ball bearing geometry, a 204 size bearing with a 20 mm bore, 


used to conduct the solid lubricated bearing tests 1S shown in Figure 4. 


This geometry does not contain bearing internal clearance information 


Since this parameter was varied from test to test. All of the test 
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Figure 4. Basic 204 Size Test Bearing Geometry 


bearings were fabricated from M-2 tool steel and had ABEC-5 precision rat- 
ings. Each bearing utilized eight balls which were 9/32 in. in diameter. 

Some of the bearings utilized in these tests had inner races with 
machined grooves located around the circumference on the lands at either 
side of the ball groove. Figure 5 shows a detailed drawing of the 
grooves. Two different groove depths, 1] and 3 mils, were utilized. The 
intent of the grooves was to pump cooling air into the bearing by 


virtue of self-rotation of the inner race during operation. 


a eX ayn stone 


1,162+0.001 


oad 
+.000 

-.005 

24 grooves equally spaced within 0.005 around circumference; 
groove depth: 1) 0.00140.0002; 2) 0.003+0.0002 


Figure 5. Detailed Drawing of Grooved Bearing 
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The cages used with the above described bearings were developed by 
Westinghouse Research Laboratories (Ref 1 & 2). They were comprised of a 
self-lubricating composite contained within a 303 stainless steel, 
reinforcing shroud assembly. Two different self-lubricating composite 
materials were utilized. One was a silver amalgam matrix in which was 
distributed a mixture of MoSeo and PTFE (Teflon) particles. Its 
theoretical volume-percent composition is: 70 AgHg-20 WTFE-10 MoSeo, 

The Teflon component of this composite material is designated WTFE 

(waxy Teflon) because it has been chemically modified to exhibit a sharp 
melting point at approximately 590°F and, upon resolidification, has a waxy 
appearance. The second composite material was also an amalgam with the 
following theoretical weight-percent composition: 80WSeo - 20 Galn. 

Further details on these materials, which in later sections will be referred 


to as AgHg and WGI, can be found in Ref 1. The basic geometry of the solid 


lubricant composite plus metal shroud (retainer) is shown in Figure 6. 


‘Sienna 


Typical Hole 

Configuration 
8 Equally Spaced | 
Y Diameter 


Note: X and Y dimensions 
are varied to accommo- 
date desired clearances. 
All dimensions are in 
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Figure 6. Solid Lubricant Retainer Geometry 
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Figure 7. Photograph of Grooved Bearing 


The retainer inside diameter and ball hole diameters are not indicated 
on this drawing because they were varied from test to test in order to 
get the desired retainer-bearing inner race and ball hole clearances. A 
photograph of a new, unused bearing (with grooves) and retainer is presented 


in Figure 7. 
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TEST PROCEDURE 

The test procedure used to conduct the solid lubricated bearing tests 
is described below. 

1. Test Bearing Preparation 

The test bearings were prepared in the following manner prior to 
installation in the test rig: 

a. Initial degreasing in Stoddard solvent. 

b. Rinse in fresh methylene chloride. 

c. Final wash in ethyl alcohol. 

d. Composite cage installation and storage in desSicator until ready 
for test. 

2. Test Start-up and Running Sequence 

a. After the bearing is assembled in the test rig, rotation is 
initiated with full axial load and zero radial load. 

b. Bearing speed is then increased to the desired value and the 
radial load, if any, is applied. 

c. The bearing is then allowed to operate at a given speed and load 
condition until a stabilized bearing temperature 1S obtained. While 
waiting for the temperature to stabilize, intermediate values of torque and 
temperature were recorded every 15 minutes. Stabilized temperature opera- 
tion was considered to have been reached when any two succeSsive recordings 
of torque and temperature were identical. In general, stabilized temperatures 
were usually reached within 30 minutes after application of a new load or 


Speed condition. 
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For the first several tests both inner and outer race temperatures 
were measured. However, it was found that 011 used to cool and lubricate 
the rotary transformer (which is used in conjunction with the inner race 
temperature sensor) was leaking into the test chamber and contaminating the 
test bearing. Attempts were made to correct the problem but none of them 
were entirely satisfactory. As a result, it was decided to eliminate the 
transformer and discontinue the inner race temperature measurement. 

d. The sequence of running each test was to cover the entire speed 
range at each level of thrust load to be investigated. No radial load was 
applied for these tests. Once the range of thrust loads was covered, radial 
load was applied at a given level of thrust load and then successively 


increased until the entire range of radial load was covered. 


Fe 


DISCUSSION OF RESULTS 

1. General Comments 

An overall summary of the test series conducted is presented in Table I. 
Series 20 through 24 are not included as they were conducted in a different 
manner. Several facts are readily apparent. Of the 19 test series conducted 
only 4 were not stopped prematurely for one reason or another. All of these 
had bearings with silver-mercury-molybdenum diselenide retainers. It should 
be noted that bearing cage unbalance problems played a predominant role in 
contributing to curtailed test series runs. Figures 8 and 9 show the effect 
of the unbalance on bearing operation. As can be seen, rub on both the 
retainer I.D. and 0.D. resulted. This unbalance prevented the acquisition of 
sufficient data on both grooved and ungrooved bearings to make a valid 
assessment of their effectiveness. The effects of such variables as speed, 
radial load and axial load upon bearing heat generation and operating temper- 
ature were consistent, however, and similar to those observed by other inves- 
tigators (see Refs. 1-6). 
2. Bearing Retainer Material Effects 

Figures 10 through 14 present the test data by series test number. These 
included measured bearing outer and inner race temperature data and bearing 
torque. The average data values for each test series are shown as well as 
the average value for all test series. In general, both inner and outer race 
temperatures were lower for bearings with AgHg cages than those with WGI 
retainers. A similar trend for bearing torque values is not nearly as evident 


from figure 14. 
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TEST 


SERIES RETAINER 
MATERIAL 


NO. 
] 


Agtg 


WGI 
Agtg 


AgHg 


AgHg 


WGI 
WGI 
WGI 
WGI 
WGI 
AgHg 


AgHg 
AgHg 
AgHg 
WGI 
WGI 
AgHg 
WGI 
WGI 


0. 


© 


0. 


oO Oo © 


BEARING 
INTERNAL 

CLEARANCE 
INCHES 


005 


.005 
.005 


005 


.005 


-010 
-010 
-010 
-010 
-010 
-010 


-010 
.010 
-010 
-005 
-005 
-010 
-005 
.005 


TEST SERIES SUMMARY 


BALL 
HOLE 
CLEARANCE 
INCHES 


-010 


.010 
-010 


.010 


.010 


-017 
-017 
O17 
LT 
-017 
.017 


.017 
OIF 
-O17 
017 
-O17 
.010 
.010 
-010 


TABLE I 
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CAGE BEARING 
LAND GROOVE 
CLEARANCE DEPTH 
INCHES INCHES 
0.015 0.003 
0.015 NONE 
0.015 NONE 
0.015 NONE 
0.015 0.003 
0.022 NONE 
0.022 NONE 
0.022 NONE 
0.022 NONE 
0.022 NONE 
0.022 NONE 
0.022 0.00) 
0.022 0.001 
0.036 0.00) 
0.022 0.003 
0.022 0.003 
0.015 0.001 
0.015 NONE 
0.015 NONE 


TOTAL 
OPERATING 
TIME 


ta 


20.5 
37.8 


20.7 


34.2 


7.0 
2.5 
1.8 
2.8 
a 


9:2 
2.9 


HOURS 


REMARKS 


ball-shroud contact, 
unbalance, oil 


ball shroud contact,oil 


test series completed 
w/o problems 


to check O.R. temp, 
torque w/o IR sensor 


test series completed, 
oi] 


unbalance 
unba] ance 
unbalance 
ball shroud contact 
unbalance 


Test series completed 
w/o problems 


unbalance 


unbalance 


unbalance 
defective bearing 
unbalance 
unbalance 


unbalance 
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Figure ll. 
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Avg. Bearing Outer Race Temperature at Constant Speed 


by Test Series Number - 30,000 RPM 


Figure 12. 
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Avg. Bearing Torque at Constant Speed by Test Series 
Number - 7500, 10,000, 15,000, 20,000, 25,000, and 30,000 RPM 


Figure 14, 


sleuteqoy BHYZy pue IOM YIM sBuTazesg Az0jz peeds [euotTjejIOY 
qyeus yITM eanjerzoduey soey z9jnO SutTaeseg “Say JO uoTIeTAeA “CT einst J 


Eidos efater serasneths tahitian Sin itin snititssn uitttstn nen SSE 


i a ny a Pi i 
od ‘a _ eeees tee i ib i 
~ il ill all | | ml Saane. ae 
1 aee8 PE 


to 


SESSEESGS2 335835053 HESESSESES EESEEESI22 E9553 20034 SSSS SESE SSE SESE 


a 
a 
i 
i 


Titi 
nn = riki bl) oF cesses eee 
panel oon ee oe PERE Ee : 


cee 
oe sees 
ie toe 
sacaeee 

is 

i ieee 


Perret iret 


= == 


i 


it 
Ht 


| : 
a 

ae 
il 

a 

Lai 


paud tneentast ttt 


Lal 
= 
Leal 
rH 
. 
an 
1 
: 
| 
a 
H 
ci 
cee 
: 
an 
Sh aee8 
SEES 


on 
= 
Hh 


SERRE EE 


scccceee 


Ten 
Shea oe 
EES ERE Ee 

Lit, oe 2 
i, 


a 


serace 
at 


dy 


BSR RIL oe 
ESIzE ; saan na8 
Sea Fee E eee SaaBF" 2 


tite te 
ar eee FSeest es | 
2) eee eee 


e008 8888 
Lt a L : aea8 BREE EEE EE 
Pt ppd eh lt afesba dead fo dotted apf beat nfrt fe al al lee all 
2S SSPE E CSREES ARETE POSES PEST ESSE CESS SSS SSS SS SSS SE SSS SS SSS SSS SSE SS 


nn 
of 
55 SSS SS a SS HS SS SS SSS SS SS 


us 


SleuteJey BY8y pue IDM YITM sBuTaAeaeg A0j 
peaedg TeuctzeIOY JAFeYS YyRIM enbaoy Butaeag “Bay Jo uoTReTAeA “OT PANSTY 


SESE EEERERELET HERES EEESESEEEEESEEEE ea eee sees eatnnenay asa taespzeeanee eee tte a REE 


i 
| 
seres 
secsecae 
eS 
bated 
sscsegese 


P35 


anni 68 
Sean te 
SaanF.. 
=e 
=a 
“on 
=ee88 
Eaaae ton 
ShGG6 ifn 
os 
hy 


i 
HHH 


tf 
oH 


4 


sti 


success 
a A 
| 


ccccenue 

aeaee 

nae s 
tia. 68 


HH 
geisces 


EERE EE 
Pane 
ooeee 
SERRE EE® 
SaRES 
ai3 
= 
suttt! 
Pitt Ty 


z 


ooo 
Th ; 


He 
+ 


: 


Hf 
if 


He 
HH 


LL 
cscs 
Sanna 
TTT 
Totton | 
ose 
Pitti 
PTT 
ann aae 
CTT aT 
== 
= 


ESSER EoE Besseeae: teeneeu0 2: a6e 
BEEBE REE ES Saaeeeeee 2S 2h. ee 


_ Se Tsien. ae 
Piatt : 


succeed cebeteatts Fetes 


4 

LY 

a3 
siazz 
fesesese 
Teri | 
i oP ee 
i 

an 

TTit 


a 
iy 
HHT 


Sg SELES 


mgers 
Hert 
Ptr 

HS 


i 


‘ 
fit 


| a 


ieee 
sresesre 
oceans 


53 i838 


eet tt 
sseeseesceses 
pudeeeecceeesssese 


SaEateses sha3e 
PRR Choe 
rritperst pote 
BEER EEEESE 
sessessest 
oe 
Hetty Tag 
apeseesce 
cesses 
sasae 


HEHE Seetcees rete | Bae i oo Size 


24 


However, when average bearing outer race temperatures and torque 
values are related as a function of shaft rotational speed and bearing 
retainer cage material, a distinct difference is apparent. These rela- 
tionships are shown in Figures 15 and 16. In both cases the AgHg com- 
posites cages operated cooler and with less torque at any given speed. 

The differences below 10,000 RPM are probably indistinguishable and may 
be considered the same for both materials. 
3. Bearing Load Effects 

It was not anticipated that bearing loads would have an overriding 
effect on temperature levels or torque values. This was verified as shown 
in Figures 17 through 20. Here the effects of both radial and axial loads 
upon average bearing outer race temperature and torque for both materials 
are presented. Both materials are included since the same results were 
seen for both materials. In the radial load range of O-/75 pounds and the 
axial load range of 50 to 150 pounds the load effects were minimal. 
4. Speed Effects 

The overriding parameter affecting bearing operating temperature and 
torque was shaft rotational speed. For this reason it was necessary to 
include speed as a Separate variable for all of the relationships shown. 
This 1s directly translatable into an effect on bearing heat generation rate as 
well, Since, that too, is a function of speed and torque. The effect of speed 
on bearing outer race temperature and torque is shown in figure 21 and 22. 
These parameters increase Significantly with increasing shaft rotational 


Speed. 
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Variation of Avg. Bearing Outer Race Temperature with Bearing 


Figure 1/7. 


Axial Load at Constant Speed 
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Variation of Avg. Bearing Outer Race Temperature with 


Figure 18. 


Bearing Radial Load at Constant Speed 
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Variation of Avg. Bearing Torque with Bearing Axial 
Load at Constant Speed 


Figure 19. 
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Variation of Average Bearing Torque with Bearing Radial 


Figure 20. 


Load at Constant Speed 
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Variation of Average Bearing Torque with Speed 


Figure 22. 


5. Bearing Heat Generation 


Translation of the data into bearing heat generation information is 
based on the equation relating heat generation as a function of speed and 
torque (Ref 4). Calculated results are shown in Table II. Heat generation 
as a function of speed is shown in Figures 23 through 26 for each of the 19 
series of tests. An attempt was made to include bearing geometry and bear- 
ing cage material as variables. All figures show the average heat gener- 
ation value for the 19 test series, as well. This was used as a reference 
to make comparisons of the data easier. 

Since no grooved bearing data for the WGI retainers. 1S available, no com- 
parisons were made. From the data accumulated, it appears however, that the 
larger clearance bearings, in general, ran cooler than the smaller clearance 
ones when equipped with WGI cages. 

The data on bearings using AgHg retainers was somewhat the opposite. 

In general, small] clearance bearings ran cooler than the larger clearance 
Ones. There was no consistency with respect to the presence of grooves or 
groove depth. Some performed better and some performed worse than ungrooved 
bearings. This was true for both groove depths of 0.001 and 0.003 tnches. 
For this reason it is not possible to determine 1f grooving the bearings was 
benefictal, detrimental or had any effect at all on bearing heat generation 
or operating temperature. 

6. 40,000 RPM tests 

It was hoped from this test series that at a high operating speed the 
effects of bearing grooves would be more apparent. Since operating exper- 
ience at this speed was almost non-existent, it was decided to eliminate 
varying axial and radial load conditions and to monitor bearing performance in 


a duration type test. It was intended to run comparable tests on bearings 


a 


with both retainer types with grooved and ungrooved bearings. Due to 

bearing cage unbalance problems, however, the only successful runs were 

made with ungrooved bearings with AgHg retainers. Tests 21, 22 and 23 were all 
curtailed after about 15 minutes operation due to severe cage unbalance situa- 
tions. 

Figures 27 through 29 show the variation of bearing outer race temperature, 
torque and heat generation with time for test no. 20. Bearing temperature 
although fluctuating showed a gradual increase with time. The fourteen and a 
half hour run is the longest time a solid lubricated bearing has operated 
at 40,000 RPM. The torque and heat generation curves have the same shape 
Since one is calculated as a direct function of the other. After a fluctuating 
start both remained steady for a number of hours and then increased steadily 
until the end of the test. 

Figure 30 shows similar data for test number 24. The bearing outer race 
temperature rose sharply at the start, fell somewhat, then increased gradually 
with time until the test was ended. Sharply rising temperatures at the end 
along with a very high torque reading indicated a bearing problem. Bearing 
torque and heat generation rose slightly to a constant level and remained there 
for a few hours. They then dropped steadily and somewhat sharply with time 
until the sudden increase occurred. Torque levels ran throughout the test at 
a level significantly higher than those in test 20. The only difference 
between tests number 20 and 24 is that bearing and cage clearances were smal] 
in test 20 and larger in 24. Why torque increased in one case and decreased 
in the other is not known nor can it be conclusively stated that the torque 
level variation was attributed to the variations in bearing geometry since 


unbalance problems were encountered. 
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Variation of Bearing Torque with Time for AgHg Bearing 


Figure 28. 


Operating at 40,000 RPM 
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Variation of Bearing Heat Generation with Time for AgHg Bearing 


Figure 29, 


Operating at 40,000 RPM 
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perature, Torque and Heat 


Variation of Bearing Outer Race Tem 


Figure 30. 


Generation with Time of a AgHg Bearing Operating at 40,000 RPM 


CONCLUSTONS AND RECOMMENDATIONS. 


CONCLUSIONS 

1. The attempt to determine the effectiveness of grooves in the bearing 
inner race lands for pumping cooling air into the bearing was unsuccessful 
due to bearing cage imbalance problems at the higher speed conditions. 

2. Bearings with AgHg composite retainers ran cooler and with less torque 
than those with WGI retainers. 

3. Bearing radial and axial loads had little effect upon bearing operating 
temperatures and torque. This is in agreement with the results of other 
investigators. 

4. Bearing operating speed had the most predominant effect on bearing 
Operating temperature levels and torque. This is also in agreement with 
other investigators. 

5. Inasmuch as heat generation is a function of both operating speed and 
torque, the effects of speed and load upon heat generation are comparable 
to conclusions 3 and 4 above. This has been verified most predominantly 
in Ref. 1-3, 5 & 6. 

6. The 14 hr, 40,000 rpm test demonstrates a potential! ultra high speed 
Operating capability for solid lubricated ball bearings. 

7. Cage imbalance due partly to machining inaccuracies and partly to the 
relatively heavy weight of the cage materials, has been shown to be a 


considerable problem at high speeds. 


RECOMMENDATIONS 

1. Due to the imbalance problems encountered, it is recommended that future 
work be conducted to develop lighter weight solid lubricated retainers for 
use in ultra high speed applications. 

2. Bearings employing AgHg or WGI cages should be dynamically balanced 


when their intended use involves operating speeds of 15,009 RPM or higher. 
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